Abstract-Fibre supercapacitors were designed and manufactured using a dip coating method. Their electrochemical properties were characterised using a VersaSTAT 3 workstation. Chinese ink with a fine dispersion of carbon and binder was coated as the electrode material. The specific capacitance per unit length of a copper fibre supercapacitor with the length of 41 cm reached 34.5 mF/cm. When this fibre supercapacitor was bent on rods with a diameter of 10.5 cm, the specific capacitance per length was 93% of the original value (without bending). It proved that these fibre supercapacitors have a good flexibility and energy storage capacity.
INTRODUCTION
Recently, supercapacitors (also named electrochemical capacitors) have attracted much attention as energy storage devices. Because of the high power density, long cycle life and high reversibility [1] , supercapacitors have a big potential to be used as high power energy source in electrical vehicles, hybrid electric vehicles, portable electronic devices and emergency power supplies. Electrochemical energy can be stored in two ways in supercapacitors [1] [2] [3] [4] . In electrical double-layer capacitors (EDLCs), there are no faradic reactions in the charge storage process, the capacitance arises from the charge separation at the electrode/electrolyte interface. Pseudocapacitors are another kind of supercapacitors, in which, there is a faradic reaction in the energy storage process.
In recent years, there has been great interest in developing flexible, lightweight, low-cost and environmentally friendly energy storage devices. Supercapacitors can deliver higher power than batteries and store more energy than conventional capacitors. However, lots of existing supercapacitors are still too heavy and bulky for intended applications. It is a challenge to develop highly efficient miniaturized flexible supercapacitors for future energy storage. Recently, some attempts have been made to manufacture flexible and weaveable supercapacitors [5] [6] [7] [8] [9] [10] . Joonho Bae et al. developed a kind of novel fibre supercapacitor using ZnO nano-wires as electrodes, which showed a high specific capacitance of 2.4 mF/cm 2 and 0.2 mF/cm using PVA/H 3 PO 4 as the gel-electrolyte [6] . Yongping Fu et al. developed a novel flexible fibre supercapacitor which consisted of two fibre electrodes using Chinese ink as the active materials, a helical spacer wire and an electrolyte showed good capacitance [9] . Coaxial fibre supercapacitors, using Chinese ink as active materials, were designed, manufactured and characterised. The results have been discussed in this study. The particular novelty or worth reported in this paper is the significant increase in specific capacitance (from 0.5 mF/cm to 34.5 mF/cm), achieved through increasing the number of coatings for the carbon electrodes from 4 to 24.
II. EXPERIMENT

A. Materials
Phosphoric acid (H 3 PO 4 , dry) and polyvinyl alcohol (PVA, MW 146,000-186,000, > 99% hydrolyzed) were used without further purification. The gel electrolyte was made by dissolving 0.8 g H 3 PO 4 and 1 g PVA in 10 mL deionized water. Copper fibre (50 µm in diameter) was used as the core conductor material. Commercial Chinese ink was used as the active coating material.
B. Design of the structure of the energy storage fibre
Based on the working mechanism [1] , fibre supercapacitors have been designed. As shown in Figure  1 , the coaxial single fibre supercapacitors consist of five layers. The central metal fibre and the outer layer of silver coating are current collectors. Two active layers made of Chinese ink are separated by a gel electrolyte layer and served as electrodes. The energy is stored by the accumulation of electrical charges at the boundary layers between the two electrodes and electrolyte. of the coating method for the energy sto of metal fibre and two pulleys are fixed a plate. A weight is clamped to the botto wire to keep the wire straight and in a coating vessel. A motor with a two-d was used to connect the reel to control When the coating process is carried ou filled in the coating vessel. During the core metal wire, the wire drags the coa the solvent is vapourised and the coating on the wire.
C. Manufacturing method
D. Characterisation of the electrochem
The electrochemical performance storage fibre developed was stu voltammetry (CV), galvanostatic cha electrochemical impedance spectro VersaSTAT 3 electrochemical w morphology of the cross-section of the s studied by optical microscopy. 
C is the capacitance, and C L is the speci unit length. Q total is the supercapac coulombs. The charge is automatically workstation software. L is the leng supercapacitors.
III. RESULTS AND DISCU
Following the schematic of fibre s shown in Figure 1) The CV curve of an initial f with the length of 35 cm is illus curve is closed and regular measurements. Therefore, the capacitance can be evaluated u The capacitance and specific c were 18 mF and 0.5 mF/cm. T energy storage fibre is f capacitance was not ideal. Th caused by an uneven structu which is revealed in Figure 4 active material deposited.
A typical cross-section supercapacitor is shown in F structure can be seen clearly. Th to see. The second Chinese in Gel electrolyte layer as the thi the thickness was not uniform. Chinese ink layer and was also fibre supercapacitor sample strated in Figure 3 . The CV compared to normal CV capacitance and specific using Equations (1) and (2). capacitance per unit length his proves that this kind of functional, although the his was considered to be ure of the supercapacitor, , so there was not enough n of a copper fibre Figure 4 . The five layers he copper fibre core is easy nk layer was not uniform. ird layer was complete but The fourth layer was also a uneven. which is 69 times that of the trial sample. Generally, when the number of coatings is increased substantially, the thickness of ink layer increases dramatically as does the amount of the active materials in each of the electrodes. This should enlarge the electrical storage capacity of the fibre supercapacitor.
The flexibility of the fibre supercapacitors was also studied. The specific capacitance of the 41 cm long supercapacitor was examined when the fibre was bent on a glass rod with different curvatures. The diameters of the glass rods were 10.5, 3.0 and 1.5 cm. Figure 5 shows the CV curves of the fibre supercapacitor bent at different curvatures. It can be seen the CV curves were the same when the fibre supercapacitor was bent using the glass rods with the diameters of 1.5 and 3.0 cm. When the fibre supercapacitor was bent on the glass rod with the diameter of 10.5 cm, the specific capacitance decreased slightly to 32.2 mF/cm, which was about 93% of the original straight sample. When the diameter of rods decreased to 3.0 and 1.5 cm, the specific capacitance changed to 26.2 mF/cm for both cases, which was 76% of the straight sample. The comparison of the specific capacitance of the fibre supercapacitor at different bending conditions with the original sample is shown in Figure 6 . These results show that the fibre supercapacitors are able to work at the severe bending condition, indicating the fibre supercapacitors are flexible enough to be woven into other fabrics to make smart textiles.
IV. CONCLUSIONS
The coaxial single fibre supercapacitors were successfully manufactured and characterised in this study. Chinese ink was used as electrode materials. A coating method was designed and setup to produce the fibre supercapacitors. The initial sample made proved the fibre supercapacitor designed to be functional. When the coating layers increased substantially, the amount of active materials deposited on the electrodes increased dramatically. This improved the electrical storage of the fibre supercapacitor tens of times. The specific capacitance of the supercapacitors at various bending conditions was examined. The results showed that the supercapacitors manufactured using the present method kept a good electrochemical performance at the severe bending conditions, which indicated that the supercapacitors designed and made in this study have a very good flexibility. This could be used as a flexible energy storage and woven into other fabrics to make smart textile materials.
